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Abstract 25 
Structures in geological samples are often interpreted as fossilised life, however, such 26 
interpretations are equivocal, as abiotic processes can be invoked to explain their presence. 27 
Thus, additional lines of chemical evidence are invaluable in confirming or refuting such 28 
morphological evidence. Glass shards in tuff from the Ontong Java Plateau (OJP) contain 29 
microtubular structures that are in close proximity to functionalised nitrogen substituted 30 
aromatic compounds, that may be indicative of the chemical remnants of biological 31 
activity. The organic composition of the OJP tuff containing microtubular alteration 32 
structures, was compared with tuff without such features.  In addition, organic matter 33 
associated with horizons with compacted remnants of woody material buried in the OJP 34 
tuff and overlying pelagic calcareous foraminifer sediment were also characterised, to 35 
ascertain the provenance of the organic matter found in the OJP tuff. As a further control, 36 
the organic material in sub-marine and terrestrial basalts from other locations were also 37 
characterised providing further evidence to support the view that the organic matter in the 38 
OJP tuff is authigenic. Carbon-nitrogen chemistry was detected across all OJP tuff samples 39 
irrespective of the presence or absence of microtubular features, but were not detected in 40 
either the wood material, the overlying pelagic sediments or in the basalts from other 41 
locations. The results indicate no direct link between the OJP nitrogenous organic 42 
compounds and the presence or absence of microtubular features.  43 
  44 
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1.0 Introduction 45 
The alteration of rock texture and composition occurs through many physical and chemical 46 
processes which can also have a biological component. One such process is the formation of 47 
distinctive micron-sized cavities, which are putatively made by microorganisms, and have been 48 
interpreted as a visible indicator of the fossilised traces of microbial activity (Fisk et al., 1998; 49 
Alt and Mata, 2000; Staudigel et al., 2006; Herrera, 2009; Kelly et al., 2011; Staudigel et al., 50 
2014). Predominantly, these alteration textures have a granular appearance, but a fraction of 51 
these textures have a distinctive microtubular morphology. Examples of these microtubules are 52 
rare and are confined to the upper 100 to 300 m of basement rocks (Staudigel et al., 2008) and 53 
are particularly apparent in vitric shards in basalts. Although the diameter and appearance of 54 
these tubules may vary from region to region, (McLoughlin, 2007) their morphology has led to 55 
the suggestion that they result from fungal excavation (Smits 2006; Etienne and Dupont, 2002; 56 
Staudigel et al., 2008). Such alteration textures have been observed in ~3.4 Ga Barberton 57 
Greenstone and could potentially be amoungst the eariest morphologial evidence of life 58 
(Banergee et al., 2006 ). Impact melt glasses have been observed on Mars (Cannon and Mustard, 59 
2015) and therefore the detection of comprable alteration textures in such formations, may 60 
provide evidence of fossilised Martian life (Allen et al., 1981).   61 
Such distinctive microtubular features can be observed in the rim of glass shards in the basaltic 62 
tuff of the eastern lobe of the Ontong Java Plateau (OJP) (Banerjee and Muehlenbachs, 2003; 63 
Miot et al., 2007). The Ontong Java Plateau (OJP) in the southwest Pacific Ocean is the world’s 64 
largest oceanic igneous province. The OJP covers 1.5 million km2 and was largely emplaced by a 65 
single volcanic event ca. 120 Ma (Tarduno et al., 1991; Mahoney et al., 1993; Fitton et al., 66 
2004). The samples for this study were recovered in the year 2000 during Leg 192 of the Ocean 67 
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Drilling Program (ODP) from Hole 1184A located at a water depth of 1661.1 m on the eastern 68 
lobe of the OJP (Mahoney, 2001; Ocean_Drilling_Program, 2005). This region consists of tuff 69 
rather than the flood basalt that is typical of the main sequence of the OJP (Tarduno et al., 1991; 70 
Fitton et al., 2004). Hole 1184A was drilled ahead without coring to 134.4 meters below the 71 
seafloor (mbsf) and was rotary cored from 134.4 to 538.8 mbsf with an average recovery of 72 
81.3% (Mahoney et al., 2001). The recovered sequence consists of 201.1 m of calcareous early 73 
Miocene nannofossil foraminifera ooze (Unit 1) (Fig. 1) (Ocean Drilling Programme, 2005). 74 
This ooze accumulated as the result of the settling of particles to the floor of the open ocean and 75 
is formed principally from the calcareous or siliceous shells of either phytoplankton or 76 
zooplankton and overlies generally vascular, coarse-grained volcaniclastic rocks, including tuff, 77 
lapilli tuff, and lapillistone (Unit 2) separated by an approximately 1-cm-thick ferromanganese 78 
crust (Mahoney et al., 2001). Hereafter, the samples OJP_13 OJP_22 and OJP_43 from Unit 2 79 
are collectively described as OJP tuff. 80 
Unit 2 is rich in organic material and consists of at least 6 subunits, 5 of which are delineated by 81 
horizons containing the charred and compacted remnants of woody plant material (see Fig 1), 82 
these are likely to have arisen as a result of the establishment of terrestrial flora during quiescent 83 
periods between each of the volcaniclastic outflow events, implying that its construction from a 84 
succession of 6-10 sub-aerial volcaniclastic events (Thordarson, 2004), which was subsequently 85 
covered by the calcareous pelagic foraminifera ooze. The microtubules are observed exclusively 86 
in the glass shards of core 13R (Banerjee and Muehlenbachs, 2003) (hereafter referred to as 87 
OJP_13) in subunit 2A of hole 1184A, where they can be observed ingressing from the perimeter 88 
into the centre of every shard within that core sample. The extent and prominence of the 89 
Organic stratigraphy of Ontong Java Plateau Tuff 6 
microtubules in OJP_13 has made them ideal specimens to investigate the origins of alteration 90 
textures.  91 
 92 
The µm scale distribution of organic material in the OJP_13 has been previously investigated 93 
using FTIR microscopy (Preston et al, 2011) and by time of flight secondary ion mass 94 
spectrometry, thermal hydrolysis and methylation, coupled to gas chromatography/mass 95 
spectrometry (THM-GC/MS) and by X-ray photoelectron spectroscopy (XPS) (Sano et al, 2016). 96 
These investigations demonstrated the heterogeneous distribution of nitrogen containing organic 97 
material associated with specific rock textures including rock microfissures as well as the 98 
perimeter of the altered glass shards. However, an analysis with THM-GC/MS and XPS of OJP 99 
FIG 1. Diagram of the Ontong java plateau 
drill hole 1184A site showing acquisition 
depths of the OJP samples and the 
stratigraphic layer containing visible wood 
fragments. Adapted from Ocean Drilling 
programme (2001) and Thordarson (2004). 
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samples from a range of depths, and other geological samples provides a stratigraphic and 100 
geological scale contextual framework, for these earlier studies. Consequently, an OJP_13 101 
sample where microtubular alteration textures were present was compared to tuff samples from 102 
the same drill site (Leg 192 Hole 1184A), from core sample 43R (OJP_43) and core sample 22R 103 
(OJP_22) where microtubular alteration textures were absent. In addition, and for comparative 104 
purposes, a prominent source of organic material in the OJP tuff, namely, the charred woody 105 
plant material (OJP_45) was characterised as well as the organic material in the overlaying 106 
foraminifera ooze (OJP_8) (Table 1).   107 
To demonstrate that the material detected in the OJP samples was authigenic and not the result of 108 
contamination or a procedural artefact, the composition of organic material in basalts from other 109 
regions, including the Costa Rica flank (CRB), Atlantic mid-ocean ridge (MAB) and the Whin 110 
Sill (WSB) were also characterised. This additional set provided a comparison between the 111 
organic composition in the OJP tuff and sub-marine extrusive pillow lava basalts, two of which 112 
have been reported to contain glass shards that possess alteration textures (Staudigel et al., 113 
2006). The 5 Ma CRB, 80% to 100% of clasts contained granular textures and 0% to 20% 114 
contained tubular textures. Whereas the MAB is a 10 Ma sample that possesses glass shards of 115 
which 60% to 95% contained granular textures and 5% to 40% contained tubular textures 116 
(Furnes et al., 2001). The WSB is a large 295 ± 6 Ma tholeiitic quartz dolerite intrusion in 117 
northern England (Fitch and Millar, 1967; Thorpe and Macdonald, 1985) that does not possess 118 
glass shards. The CRB, MAB and WSB are collectively described in the article as the ‘basalt 119 
samples’. 120 
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2.0 Methods 121 
2.1 Sample descriptions and sample preparation for chemical analysis and optical 122 
petrography 123 
Table 1 shows the sample geographical locations and depths. All sample cutting was carried out 124 
on a Buehler Isomet 1000 and nitrile gloves were worn at all times. Samples were handled with 125 
flamed forceps and stored wrapped in Al foil cleaned by sonication in dichloromethane in glass 126 
vials. Sections were cut from the internal volumes of parent samples to remove the outer 5-10 127 
mm. The foraminifera ooze (OJP_8) was freeze dried for 48 hours, then 0.5-1.5 g were 128 
immobilised by compaction onto an aluminium disk using a manual hydraulic press (Specac 129 
Ltd., Orpington, UK). 130 
 131 
Table 1. The geological samples used for this investigation with acquisition location, depth, the 132 
Ocean Drilling Programme data and the sample codes used in this investigation. [1] Ocean 133 
Drilling Programme, (2000); [2] Mahoney et al., (2001); [3] Banerjee and Muehlenbachs, 134 
(2003); [4] Thordarson, (2004); [5] Dilik, (1998); [6] Furnes et al., (2001); [7] Fitch and Millar, 135 
(1967) 136 
Identifier Description Exp. Site Core Sect. interval(cm)* 
Depth 
(m.b.s.f.) 
Depth into 
basement 
(m.) 
Glass 
Shards 
Alteration 
Textures 
Location Ref 
OJP_8 Pelagic Ooze 192 1184A 008R 04W 49-51 201.10 - N/A N/A 
5°0.6653' S 
164°13.9771'E 
[1,2] 
OJP_13 Oceanic tuff 192 1184A 013R 03W 145-148 224.55 23.45 Y Y 
5°0.6653' S 
164°13.9771'E 
[2,3] 
OJP_22 Oceanic tuff 192 1184A 022R 03W 86.5-89 299.99 98.89 Y N 
5°0.6653' S 
164°13.9771'E 
[1,2,
4] 
OJP_43 Oceanic tuff 192 1184A 043R 03W 120-122 495.18 294.08 Y N 
5°0.6653' S 
164°13.9771'E 
[4] 
OJP_45 
Wood 
Fragment 
192 1184A 045R 7 48-65 527.61 326.51 N N 
5°0.6653' S 
164°13.9771'E 
[4] 
CRB Oceanic Basalt 148 896A 011R 01W 111-115 287.10 91.9 Y Y 
1°13.0062'N 
83°43.3920'W 
[5] 
MAB Oceanic Basalt 46 396B 020R 4W 36-40 291.36 140.86 Y Y 
22°59.1420'N 
43°30.9000'W 
[6] 
WSB 
Terrestrial 
Basalt 
- - - - - 0 - N N 
N55° 28.427’ 001 35. 
577’ W 
[7] 
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Optical petrography confirmed the presence or absence of tubule alteration textures in each of 137 
the samples. Petrographic thin sections were prepared, immobilised on a microscope slide, 138 
ground to a thickness of 30 µm, and covered with a cover-slip (Thin Section Services, Earth 139 
Sciences Dept., Durham University). Optical microscopy was conducted using a Leica 140 
DM2700M in transmitted light mode. Images were captured using a co-axially mounted Leica 141 
DFC450C camera. 142 
2.2 XPS analysis of surface chemistry 143 
XPS is a surface analytical technique capable of obtaining quantitative elemental composition 144 
and chemical state measurements in a predefined region with no thermal or solvent extraction 145 
and was considered to be complimentary to the bulk THM-GC/MS analysis also carried out in 146 
this study. To investigate the composition of residual organic material in the geological samples, 147 
XPS was performed, with particular focus on carbon and nitrogen speciation.  148 
To decontaminate surface bound adventitious organic carbon accumulated during sample 149 
recovery, storage and processing prior to XPS analysis, gas cluster ion beam (GCIB) etching was 150 
conducted for 120 s using nominally 1000 atom Ar clusters at 4 keV over a 1.0 mm x 2.0 mm 151 
raster area, within the K-Alpha X-ray photoelectron spectrometer (Thermo Scientific, East 152 
Grinstead, UK) instrument, according to Purvis et al, (2017). Following decontamination, the 153 
samples were immediately analysed without removal from the ultra-high vacuum conditions of 154 
the instrument. To obtain a mean value, three positions on each sample were selected for analysis 155 
and survey and high-resolution spectra were obtained. The resulting high-resolution spectra were 156 
normalised and summed. Synthetic component fitting was conducted using best fit envelopes in 157 
the CasaXPS software package (CasaXPS Ltd, Teighmouth, UK), and the chemical states 158 
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identified using the analysis in CasaXPS and results from Chastain and King, (2006). Additional 159 
chemical state identities were obtained using the NIST database (www.srdata.nist.gov/xps), La 160 
surface (www.lasurface.com) and Beamson and Briggs, (1992). The XPS spectra were fitted 161 
with peaks that are a mixture of Gaussian and Lorentzian peak shapes, usually described as 162 
synthetic components, to create a best-fit (in a least-squared sense)(Cumpson et al, 1992). This 163 
procedure was performed by the Marquardt linear regression statistical algorithm in the CasaXPS 164 
software package (Fairley, 2009). Each of the synthetic peaks that were chosen, was informed by 165 
a combination of molecular data obtained by THM-GC/MS and using information based on the 166 
NIST and La Surface XPS databases. For future access, the XPS spectral data has been archived 167 
in the internationally agreed, ISO14976 format. 168 
The experimental set up in XPS can cause variations in a measured spectral intensity. Thus, the 169 
spectral intensity was specified as a relative value, expressed as a fraction of the total surface 170 
element composition as an atomic percent (at %) (Watts and Wolstenholme, 2003). This study 171 
used the sum of the metal elements Al, Fe, Mg Na and Si occurring at >1 at % in basalt, 172 
reference surface concentration that could be used to compare the relative differences in the 173 
carbon and nitrogen concentrations between the samples used in this investigation. This baseline 174 
was used to measure the differences in carbon concentration resulting from decontamination 175 
procedures within WSB by Purvis et al., (2017).  The column chart (SI, Fig1) shows the 176 
consistency of the metal element concentrations of the geological samples used in this 177 
investigation. 178 
A 100 × 200 µm elliptical area was selected to provide a mean measurement that would 179 
incorporate different geological textures. Three positions were selected for analysis during each 180 
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replicate, and three replicates were conducted providing n=9 spectra which were summed using 181 
the CasaXPS software. 182 
2.3 THM-GC/MS analysis  183 
Bulk organic analysis was conducted using gas chromatography mass spectrometry (GC/MS) 184 
with organic material extracted in-line using pyrolysis in the presence of 10 µl tetramethyl 185 
ammonium hydroxide, sometimes called thermal hydrolysis and methylation (THM). Samples 186 
were trimmed of surface material then cleaned using a combination of ultra violet light and 187 
ozone using a Jelight 144 ultraviolet/ozone (UV/O) cleaner for 20 minutes on each face of the 188 
sample, according to (Purvis et al, 2017). The trimmed and cleaned samples were then milled in 189 
a UV/O decontaminated stainless steel pestle and mortar and passed through a flamed stainless 190 
steel 150 µm mesh in a laminar flow cabinet. The THM-GC/MS protocol was adapted from 191 
Robertson et al. (2008) and was conducted in triplicate. The data was analysed using 192 
OpenChrom software (www.openchrom.net) utilising a SNIP baseline deduction, a first 193 
derivative peak detection, with the threshold set to medium and the signal:noise set to 2.0. Peak 194 
identification was carried out with the NIST05 database. The three compounds with the highest 195 
match factor identified by the NIST and were then categorised according to the parent moiety. 196 
Where the three the parent moiety NIST assignments disagreed, the compounds were categorised 197 
as ‘other’ in Table 4. 198 
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3.0 Results  199 
3.1 Observation of geological textures in petrographic thin sections using Optical 200 
Petrography  201 
 202 
FIG 2 a-f . Optical petrography of submarine basalts used in this investigation. Figs a-e  show a 203 
glass shards embedded in a matrix. a. OJP_13, extensive tubular alteration textures are 204 
observable in the area around the perimeter of the shard and the orange/brown region is the 205 
devitrified rind. Figs: b. OJP_22, c. OJP_43, d. CRB e. MAB,  The observed shards in figs b-e  206 
do not possess extensive alteration textures. Fig 2f. WSB in which glass shards were absent. 207 
Scale bar= 100 µm 208 
 209 
Optical microscopy was able to verify that the microtubular features that were observed in earlier 210 
studies (Preston, 2011; Banerjee and Muehlenbachs, 2004) were present only in the OJP_13 211 
samples (Fig 2a) and were absent in all of the other samples (Fig 2b-e). The petrography of the 212 
OJP basalt samples (OJP_13, _22 and _43) demonstrated that the glass shards were similar in 213 
size to the blocky sub-angular tektite morphology, in agreement with previous reports 214 
(Thordarson, 2004). A dark red/brown perimeter was observed in the glass shards of OJP basalt 215 
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samples (OJP_13, _22 and _43), which was indicative of weathering, resulting in the 216 
devitrification of the glass. The glass shards of the MAB and the CRB were observed as angular 217 
shards, demonstrating that the glass shards had formed as a result of rapid quenching in water. 218 
The WSB possessed no visually identifiable features, thus no photo micrograph is presented 219 
here. These differences permitted a comparison between the OJP samples with tubular textures 220 
and those without tubular textures. 221 
3.2 The carbon and nitrogen concentrations measured by XPS. 222 
 223 
Surface concentration (at.% ) 
Sample OJP_8 OJP_13 OJP_22 OJP_43  OJP_45 CRB MAB WSB 
C  2.4* 11.8 7.0 11.6 98.2 5.6 2.7 5.2 
N  N/D 0.4 0.2 0.4 N/D N/D N/D N/D 
N% N/A 3.4 2.9 3.5 N/A N/A N/A N/A 
 224 
Table 2: The surface concentration of carbon and nitrogen. The concentrations are relative to 225 
Si, Al, Fe, Mg, Ca, Na (see SI fig 1).*This value excludes the carbon contrition from carbonates 226 
that was determined by synthetic peak component fitting. 227 
The carbon to nitrogen ratio measured using the XPS survey spectra is presented in Table 2. The 228 
measurements indicated that the carbon concentration in the control samples (CRB, MAB, and 229 
WSB) was approximately half of the carbon concentration in the OJP tuff samples (OJP_13, _22 230 
and_43). Therefore, assuming similar organic matter elemental compositions it would be 231 
predicted that the nitrogen concentrations would be in a similar ratio and within the limits of 232 
detection for XPS. However, nitrogen was undetected in the CRB, MAB and WSB, implying 233 
that nitrogen was absent from these samples. Similarly, nitrogen was not detected in either the 234 
foraminifera ooze (OJP_8) or the charred woody fragments (OJP_45) using XPS. 235 
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3.3. Characterisation of organic material using XPS 236 
The chemical composition of the carbonaceous material in the geological samples was obtained 237 
by taking the mean of the XPS high-resolution spectra for carbon and nitrogen. Synthetic peak 238 
component fitting was conducted on the XPS spectra using Beamson and Briggs (1992) and was 239 
sufficiently accurate to obtain an indication of the chemical states of the organic material.  240 
 241 
FIG 3 a-c. High resolution carbon XPS spectra, with high resolution nitrogen spectra inset, for 242 
Ontong Java Plateau (OJP) tuffs. (a) OJP_13, (b) OJP_22 and (c) OJP_43. The roman 243 
numerals are the key to synthetic components and their assignments (presented in Table 3). The 244 
dashed line indicates the best fit envelope for synthetic components. Chemical state assignments 245 
for the sythetic components are based on NIST and La Surface databases. 246 
Fig 3. and Table 3 presents the C1s spectra and data for the OJP tuff samples (OJP_13, _22 and 247 
_43) which show that peak components (i) and (ii) which have been assigned to C=C and C-C 248 
groups respectively based on their binding energies and these are the most dominant chemical 249 
states detected in their C1s spectra. Peak component (iii) is the result of hydroxyl groups also 250 
identified by THM-GCMS. The peak component (iv) was a result of a combination of both C-N 251 
and C-O chemistry respectively, due to the proximity of the binding energies of these 252 
components. Therefore, the peak at 400.5 eV in both the survey spectra and in the high-253 
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resolution N1s spectra confirmed the presence of nitrogen. The 400.5 eV binding energy 254 
indicated the chemical state of the nitrogen was N-C (see Fig 3 insets). The C1s component (iv) 255 
is divided into (iv a) and (iv b) to distinguish between C-N and C-O chemistry in a single 256 
component. Consequently, component (iv a) is assigned to C-N chemistry in the OJP tuff 257 
samples. The components (v) and (vi) correspond to carbonyl and carboxyl groups respectively, 258 
whereas, component (vii) corresponding to carbonates. 259 
 260 
FIG 4 a-c. High resolution carbon  XPS spectra for control samples. (a) Costa Rica pillowlava 261 
basalt (CRB), (b) Mid-Atlantic pillow lava basalt (MAB) and  (c) Whin Sill basalt (WSB). The 262 
Roman numerals are the key to synthetic components and their assignments that are presented in 263 
Table 3. The dashed line indicates the best fit envelope for synthetic components. Nitrogen was 264 
undetected in these samples. 265 
 266 
The mean high-resolution spectra for carbon and nitrogen were obtained for the basalts from the 267 
other regions (CRB, MAB and WSB), (Fig 4 a-c). Carbonaceous material with the chemical 268 
states C=C (component i) and C-C (component ii) could be detected as above. However, in 269 
contrast to the OJP basalts at all depths, a nitrogen signal could not be detected at 400.5 eV in the 270 
high-resolution nitrogen XPS spectra, therefore component (iv) is assigned to C-O chemistry 271 
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(Table 3 iv b) (see Fig 3). This difference indicated that the detectable levels of nitrogen were 272 
specific to the OJP basalt. In addition to the carbon-carbon chemistry, carbon-oxygen chemistry 273 
could be detected in the CRB, MAB and WSB basalts (components iii, v, vi). 274 
The tuff and basalt samples were contrasted with the foraminifera ooze (OJP_8) (Unit 1, in Fig 275 
1), that overlays the OJP tuff and the horizon with wood remnants (horizontal lines, in Fig 1) 276 
within the tuff. Fig 5a shows that the high-resolution carbon XPS spectra of OJP_8 is dominated 277 
by component (vii). This component was consistent with the presence of carbonates, which were 278 
also observed in each of the marine basalts but not in the terrestrial WSB. This observation is 279 
consistent with the calcareous nanofossils and planktonic foraminifers that make up Unit 1 280 
(Mahoney et al. 2001). Fig 5b shows the high-resolution carbon XPS spectra from one of the 281 
horizons containing fragments of charred woody plant material (OJP_45). The spectra are 282 
dominated by component (i) and (ii), whereas components (iii) to (vii) were absent. The data 283 
obtained by XPS analysis of the horizon associated with the compacted woody material (Table 4) 284 
indicated that nitrogenous organic material was undetected. This result implies that the 285 
composition of the organic material in the charred wood fragments in the OJP was different to 286 
the organic material in the OJP tuffs. 287 
  288 
FIG 5 a-b. High resolution carbon  XPS spectra for (a)  the foraminifera ooze  (OJP_8) and (b) 289 
charred plant material (OJP_45). The roman numerals are the key to synthetic components and 290 
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their assignments that are presented in Table 3. The dashed line indicates the best fit envelope 291 
for synthetic components. Nitrogen was undetected in these samples. 292 
 293 
Component Binding Energy (eV) Assignment Moiety  
(i) 284.6 C=C aromatic 
(ii) 285.0 C-C aliphatic 
(iii) 286.4 C-OH hydroxyl 
(iv) 287.0 C-N/C-O amide/furan 
(v) 287.6 C=O Carbonyl 
(vi) 288.6 O-C=O Carboxyl 
(vii) 290 CO3 Carbonate 
 294 
Table 3: The key for the XPS synthetic components shown in Figs 3-5 and the chemical states 295 
assigned to them. The component binding energy contained a variation of ±0.1 eV in positions to 296 
allow the best fit of each synthetic component and were fitted according to Beamson and Briggs 297 
(1992). Note: The N1s spectra were used to determine whether the component (iv) was assigned 298 
to either C-N (bold) or to C-O (italics). 299 
3.4 Analysis of samples using THM-GC/MS 300 
 301 
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Fig 6 a-c THM-GC/MS chromatograms of Ontong Java Plateau (OJP) tuffs (a) OJP_13, (b) 302 
OJP_22 and (c) OJP_43. The major peaks that could be assigned to a compound with a match 303 
factor > 0.7, were annotated (A=Linear/carboxylic acid hydrocarbons; D= decomposed TMAH 304 
residues; X= aromatic hydrocarbons; N= nitrogenous heterocycles). The numbers of the 305 
compound classes detected in the major and the minor peaks of these samples are tabulated in 306 
Table 4. 307 
Fig 7 a-c THM-GC/MS chromatograms of basalt samples. (a) Costa Rica pillowlava basalt 308 
(CRB), (b) Mid-Atlantic pillow lava basalt (MAB) and  (c) Whin Sill basalt (WSB). The major 309 
peaks that could be assigned to a compound  with a NIST library match factor > 0.7, were 310 
annotated (A=Linear/carboxylic acid hydrocarbons; D= decomposed TMAH residues; X= 311 
aromatic hydrocarbons; N= nitrogenous heterocycles). The numbers of the compound classes 312 
detected in the major and the minor peaks of these samples are tabulated in Table 4313 
 314 
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 315 
Fig 8 a-b THM-GC/MS chromatograms of (a). OJP_8, and (b) OJP_45. The major peaks that 316 
could be assigned to a compound  with a NIST library match factor > 0.7, were annotated 317 
(A=Linear/carboxylic acid hydrocarbons; D= decomposed TMAH residues; X= aromatic 318 
hydrocarbons; N= nitrogenous heterocycles). The numbers of the compound classes detected in 319 
the major and the minor peaks of these samples are tabulated in Table 4. 320 
The measurements made using XPS demonstrated that the carbon concentration was lower, and 321 
that nitrogen was undetected in the CRB, MAB and WSB, whereas the carbon concentration was 322 
higher, and nitrogen was present in the OJP tuffs (Table 2). Therefore, it was unsurprising that 323 
the total THM-GC/MS derived ion chromatograms for the OJP tuff samples (Fig 6) produced 324 
more detectable peaks than those in the basalts, CRB, MAB or WSB (Fig 7). Similarly, THM-325 
GC/MS analysis of OJP_8 resulted in total ion chromatograms with few detectable peaks in 326 
comparison to the OJP tuff (Fig 8 a), implying that OJP_8 contained less organic carbon as 327 
might be expected for a foraminifera ooze primarily composed of inorganic calcareous 328 
carbonates that were undetectable using GC/MS but detectable by XPS (component vii of the 329 
C1s spectra in Table 3). In contrast, the buried wood fragments in OJP_45 resulted in a complex 330 
range of organic compounds (Fig 8 b). 331 
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Precise assignments of peaks to specific organic compounds using THM-GC/MS was not 332 
possible, because of their chemical complexity. This complexity also prevented the use of 333 
standard compound additions to provide definitive evidence of the presence of specific 334 
compounds and resulted in many compounds that were unknown to the NIST database library. 335 
This resulted in reverse match factor compound identifications that ranged from 0.7 to 0.9, 336 
implying fair to good matches (Stein, 1994; Ausloos et al., 1999; Stein, 2008). To obviate this, a 337 
simpler and broader interpretation based on the compound class of the parent moiety of the three 338 
closest matches obtained by the NIST library identification was used. This yielded a more 339 
confident assignment to general compound classes rather than to a specific compound for each 340 
identified peak, and these were presented in Table 4. Aromatic compound assignments (Figs 5-8) 341 
are over-represented in the chromatograms in comparison to the full range of compound 342 
assignments that could be made in both the major and minor peaks and tabulated in table 4. For 343 
comparison, this table also included the similarly derived analysis of the volcanic tephra JSC-1 344 
using THM-GC/MS, which was carried out by Morisson et al., (2017). The major peaks of the 345 
chromatograms for the samples where organic material was detected, have been annotated. The 346 
key along with attendant table of the ratios of the ten most abundant ions that were used to 347 
identify the peaks have been presented in the SI Fig 2 and SI Table.  348 
 OJP_8 OJP_13 OJP_22 OJP_43 OJP_45 CRB MAB WSB JSC-1
[1] 
Linear Carboxylic Acids 12 9 4 6 36 5 2 0 32 
Linear Hydrocarbons 0 6 0 3 30 5 0 0 13 
Alcohols 0 6 0 1 20 1 0 0 11 
Amines/Amides 1 4 0 3 0 1 1 1 5 
Aromatic hydrocarbons 5 70 28 43 84 3 1 0 87 
Cyclic Hydrocarbons 5 9 1 11 56 2 1 0 N/D 
Nitrogenous Heterocycles 0 9 7 8 0 0 0 0 30 
other 2 3 5 4 12 0 0 0 7 
TOTAL 25 116 45 79 238 17 5 1 185 
 349 
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Table 4 Chemical classes identified in the samples used in this investigation, using THM-350 
GC/MS. [1] For comparison, the compounds identified in the JSC-1 using THM-GC/MS at 351 
600°C (Morisson et al., 2017), N/D = No data, and includes other heterocycles. 352 
Table 4 shows  that nitrogen substituted heterocyclic (e.g. pyridine) moieties were identified 353 
exclusively in the OJP tuff samples (OJP_13, OJP_22 and OJP_43), and these were the only 354 
samples where C-N chemistry was observed in the XPS analysis. This suggested that nitrogenous 355 
compounds, probably in the form of heterocyclic aromatics, were not specific to the OJP_13 356 
sample, where the alteration textures are observed. In contrast, pyridine moieties were not 357 
identified in any samples where nitrogen was absent in the XPS data, specifically the basalts 358 
(CRB, MAB and WSB), the pelagic ooze (OJP_8) or the charred wood fragments (OJP_45), 359 
implying that while not exclusive to OJP_13, the nitrogenous heterocycles was specific to the 360 
OJP tuffs. Additionally, the THM-GC/MS analysis implies that both cyclic and linear 361 
hydrocarbons, alcohols and carboxylic acids were identified in the geological samples. This was 362 
consistent with the chemical states assigned to the synthetic components of the C1s XPS spectra. 363 
(Table 3) and were comparable to the types of organic chemistry detected in the earlier studies of 364 
OJP_13 (Sano et al, 2016; Preston et al., 2011).  365 
4.0 Discussion 366 
Carbonaceous material was detected in each of the geological samples included in this study. 367 
This detection included the CRB, MAB and WSB samples in agreement with Furnes et al (2001) 368 
and Purvis et al (2017). However, the quantity, complexity and chemical composition of the 369 
organic material in the OJP tuff was very different to the basalt samples and of particular interest 370 
is the presence of nitrogen and its association with organic carbon.  371 
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Nitrogen was absent in the foraminifera ooze (OJP_8), the wood remnants (OJP_45) and basalts 372 
(CRB, MAB, WSB). However, intriguingly and contrary to our expectation it was clear that 373 
nitrogen containing compounds were not specific to just OJP_13, where the microtubule 374 
alteration textures in the glass shards were exclusively present. Instead, nitrogenous carbon 375 
compounds were found to be a general feature of the tuff sequences of the 1184A OJP site 376 
irrespective of whether the microtubular features were present or absent. This is of interest 377 
because the earlier studies by Preston et al. (2011) and Sano et al. (2016) both reported the fine 378 
scale distribution of the nitrogenous organic matter in OJP_13. The data presented in this current 379 
study implies that this nitrogenous organic matter is distributed throughout all of the tuff 380 
sequence and, therefore, is not a predictor of tubule formation. This finding highlights the 381 
importance of conducting analysis at a range of spatial scales to provide a complete organic 382 
geochemical context in the search for fossilised life on Earth and eventually on Mars.   383 
With respect to the origin of this nitrogen rich organic material in the OJP tuff, the much lower 384 
concentrations of organic material and indeed absence of nitrogen in the overlying foraminifera 385 
ooze suggests that it was not simply a result of diffusion from the overlying unit 1 into unit 2. 386 
Therefore, an additional possibility to explain raised levels of organics in the tuff is the diffusion 387 
of organic material from the horizons of plant material that were buried during the volcaniclastic 388 
outflows, to other parts of the unit. The tuff of Unit 2 is vascular with porosities measured at 389 
~30-35% (Thordarson, 2004; Ocean Drilling Programme, 2005) and the partial anoxic 390 
combustion of plant material (charring) results primarily in aromatic compounds (Wiedemeier et 391 
al., 2015), compounds that were observed in both the OJP_45 and in the OJP tuff samples, 392 
despite the reported absence of woody materials in these intervening tuff horizons and now 393 
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verified by our optical petrography. Lignin phenols were, however, absent from the THM 394 
products probably due to thermally driven degradation processes (Vane et al., 1999). 395 
The absence of nitrogenous compounds in the Charred wood fragments (OJP_45) was surprising, 396 
since nitrogen is often detected in low concentrations in char, depending on feedstock and the 397 
formation processes. However, solid char N can be converted to gaseous NO at high 398 
temperatures (Jones et al., 2004). Although the temperature of the tuff during deposition cannot 399 
be known, this observation lead us to speculate that it was sufficiently high enough to permit the 400 
conversion process and the resultant loss to take place.  This non-detection of nitrogen indicated 401 
that it is different to the organic material in the other OJP tuff sections, which argues against the 402 
possibility that the organic material in the OJP tuff originated from the charred wood horizons. 403 
Interestingly,  this wood derived organic material could have potentially served as a substrate for 404 
organotrophic endolithic organisms present in the tuff resulting in the accumulation of biomass 405 
from any endolithic organisms.  406 
Nitrogen is present in all organisms, however, some taxa use amine-containing chitin as their 407 
primary structural biopolymer, including arthropods, insects, sponges and fungi (Bowman and 408 
Free, 2006), and the presence of chitin could explain the elevated nitrogen concentrations. We 409 
note that the pyridine based compounds detected in the OJP_13, OJP_22 and OJP_43 using 410 
THM-GC/MS resembled some of the pyridine based compounds detected in arthropod cuticle 411 
(Stankiewicz et al., 1996) and artificially matured chitin (Gupta et al, 2006) with pyrolysis 412 
GC/MS. Additionally, our XPS and THM-GC/MS  data were comparable to the carbon nitrogen 413 
chemistry detected in fossilised arthropods with X-ray absorption near edge structure (XANES) 414 
(Cody et al, 2011) and is in agreement with the detection of pyridines and pyrimidines in 415 
kerogen using XPS analysis (Boudou et al., 2008), which demonstrated that nitrogen is 416 
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incorporated into polyaromatic compounds during diagenesis and catagenesis. In general, after 417 
early diagenesis, 1-2% of carbonaceous nitrogen is preserved (Schimmelmann and Lis, 2010). 418 
This is contrasted with the 2.5 % to 3.4 % carbonaceous nitrogen observed in the OJP tuffs. The 419 
tubular morphology seen in OJP_13 and elsewhere have been suggested to be the result of fungal 420 
excavation (Smits, 2006; Staudigel et al., 2008) and there is evidence of a fungal community in 421 
the submarine crust (Bengtson et al., 2014; Ivarsson et al., 2015; Ivarsson et al., 2016) and thus 422 
fungi may have been present in the OJP tuff. However, our evidence indicates that such putative 423 
fungal activity does not necessarily result in rock alteration textures. Therefore, it is not 424 
inconceivable that the trigger for excavation might require unknown local factors (McLoughlin 425 
et al., 2010; Cockell and Herrera., 2008). These factors could include differences in nutrient 426 
concentrations, or the proximity to the surface of the OJP_13 sample, prior to the subsequent 427 
burial by the pelagic ooze sediment (Fig 1, Unit 1).  428 
5.0 Conclusion  429 
The study by Preston et al., (2011) and Sano et al., (2016) demonstrated that nitrogenous organic 430 
material was heterogeneously distributed at the µm scale in micro-fissures and in the weathered 431 
perimeter of glass shards in the OJP_13. Across the samples in our study, only the OJP tuffs 432 
showed elevated concentrations of nitrogenous organic material. In contrast, nitrogenous organic 433 
material was not detected in either the overlaying sediment (OJP_8) or the charred woody 434 
material (OJP_45) indicating that neither of these were the source of the nitrogen. Similarly, 435 
nitrogenous material was not detected in the basalt samples from other regions. This result 436 
implies that the composition of the organic material in the OJP tuff is different to the other 437 
geological samples investigated here and that nitrogen concentration is higher. This difference 438 
could potentially be the result of the presence the fungi that are found in the submarine crust, 439 
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although further investigations to verify this are required. However, the evidence from our 440 
stratigraphic study indicates that the composition of the organic material is not corelated to the 441 
presence or absence of microtubular alteration textures in the glass shards of the OJP tuffs.  442 
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Supplementary peak assignments  
   
(a) OJP_13 
Peak  m/z abund m/z abund m/z abund m/z abund m/z abund peak assignment 
1 57 4 58 100 59 4 61 5 73 1 Butylamine 
2 78 100 92 13 93 17 105 23 106 51 3-Ethylpyridine 
3 58 36 59 25 89 24 91 100 106 44 Ethylbenzene 
4 65 69 77 21 78 61 79 18 108 100 Methoxybenzene 
5 77 13 86 12 105 100 119 12 120 47 Isopropylbenzene 
6 57 32 91 23 105 100 119 62 120 54 Butylpyridine 
7 77 41 79 40 90 22 107 89 108 100 4-Methylphenol 
8 91 100 92 17 107 15 119 29 120 71 Meta Tolualdehyde 
9 91 42 115 58 117 100 131 18 132 96 1-Propenyl-Toluene 
10 77 40 91 34 107 98 121 42 122 100  2,3-Dimethylphenol 
11 91 16 119 100 120 10 133 9 134 47 1-Isopropyl-4-Methylbenzene 
12 77 13 91 22 117 11 119 100 134 47 1-Isopropyl-4-Methylbenzene 
13 91 19 105 14 119 19 135 100 150 26 Ortho-Methoxyacetophenone 
14 91 12 115 10 133 100 134 12 148 30 Pentamethylbenzene 
 
 
 
(b) OJP_22 
Peak # m/z abund m/z abund m/z abund m/z abund m/z abund peak assignment 
1 92 28 91 46 70 66 69 100 53 5 phenylacetic acid 
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2 106 54 105 24 93 38 92 20 91 100  1,3-dimethyl benzene 
3 104 100 103 47 78 33 77 18 51 11 styrene 
4 120 50 119 14 118 17 117 21 105 100 1,3,5-trimethyl-benzene,  
5 117 9 116 99 115 100 108 13 89 10 1-ethynyl-4-methyl-benzene,  
6 109 67 108 100 83 53 82 28 67 36 TMAH 
7 123 11 109 8 108 100 97 6 67 9 3-acetyl-1-methylpyrrole 
8 123 10 109 6 108 100 95 3 67 9 2,6-dimethyl-pyrazine,  
9 130 100 129 80 128 39 127 18 115 85 benzene, 
10 129 11 128 100 127 12 126 7 102 7 naphthalene 
11 152 2 126 9 84 6 83 100 67 2 1-methyl-1h-1,2,4-triazole 
12 143 11 142 100 141 84 139 10 115 24  1-methyl-naphthalene 
13 143 12 142 100 141 88 139 11 115 26  1-methyl-naphthalene 
 
(c)OJP_43 
Peak # m/z abund m/z abund m/z abund m/z abund m/z abund peak assignment 
1 94 100 84 12 83 18 79 48 61 10 dimethyl disulfide,  
2 93 5 92 60 91 100 65 9 63 6 2-propenylidene cyclobutene,  
3 74 4 73 100 72 7 58 4 56 2 n,n-dimethyl-formamide, 
4 61 5 59 4 58 100 57 4 56 2 acetone 
5 95 62 94 100 93 8 78 6 53 9 2,5-dimethyl-1h-pyrrole,  
6 106 35 105 26 103 7 93 4 91 100 xylene 
7 129 31 128 100 86 96 85 11 57 31 TMAH 
8 138 5 137 57 136 100 134 3 122 38 phenol 
9 148 45 147 9 134 9 133 100 115 7 pentamethyl-benzene,  
10 159 14 158 63 143 100 141 24 115 19 1,2,3-trimethylindene 
11 165 14 162 28 148 13 147 100 136 57 3,3-dimethyl-isobenzofuranone 
12 162 35 148 13 147 100 133 12 115 4 1,2-diethyl-3,4-dimethyl-benzene,  
13 163 7 162 50 161 6 148 12 147 100 6-methoxy-3-methylbenzofuran 
14 170 17 159 80 158 100 155 17 144 44 2,3,5-trimethyl-1h-indole,  
 (d) CRB 
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Peak # m/z abund m/z abund m/z abund m/z abund m/z abund peak assignment 
            
1 56.05 2 58.05 8 72.05 8 73.05 100 74.05 51 Dimethyl-Formamide 
2 57.05 45 85.05 14 86.05 100 128.05 89 129.15 68 TMAH 
3 57.05 42 85.05 13 86.05 100 128.15 96 129.15 74 TMAH  
4 55.05 52 56.05 16 57.05 100 71.05 69 85.05 47 Hexadecane 
  
(e)MAB 
Peak # m/z abund m/z abund m/z abund m/z abund m/z abund peak assignment 
1 84 56 83 100 79 45 58 96 52 15 Acetone 
2 92 60 91 100 83 53 65 11 58 29 2-propenylidene-Cyclobutene 
3 74 50 73 100 72 8 58 9 56 2 N,N-dimethyl-Formamide,  
4 108 100 79 17 78 62 77 32 65 65 methoxy-benzene 
5 129 73 128 93 86 100 85 13 57 42 TMAH 
6 141 11 87 46 74 100 59 61 55 21 Nonanoic acid 
7 152 97 111 59 83 87 74 80 55 100 dimethyl ester nonanedioic acid 
8 85 44 71 66 57 100 56 16 55 52 Hexadecane 
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(f) WSB: No Major peaks were detected, no minor peaks were identified with a reverse match factor of >0.7 
 
(g) OJP_8 
 
 
            
Peak # m/z abund m/z abund m/z abund m/z abund m/z abund peak assignment 
1 104 100 103 47 78 36 77 17 51 19 styrene 
2 112 62 69 41 68 94 56 54 55 100 2 methyl cyclohexanone 
3 120 33 105 100 78 9 77 79 51 24 1-phenylethanone 
4 136 38 105 100 77 56 51 19 50 8 methyl ester benzoic acid 
5 138 92 129 100 97 73 74 84 69 83 dimethyl ester octanedioic acid,  
6 194 22 164 11 163 100 135 21 103 12 1,4-dimethyl ester benzenedicarboxylic acid,  
7 185 56 152 100 83 60 74 69 55 83 dimethyl ester nonanedioic acid,  
8 199 100 125 94 98 64 74 94 55 63 10-chloro-10-oxo-methyl ester decanoic acid, 
 
 
(h) OJP_45 
Peak # m/z abund. m/z abund. m/z abund. m/z abund. m/z abund. Peak assignment 
1 105.1 1 61.1 5 59.1 5 58.1 100 56.1 2 acetone 
2 106.1 54 105.1 24 91.1 100 81.1 17 77.1 15 Xylene 
3 106.1 50 98.1 41 91.1 100 69.1 26 55.1 68 Xylene 
4 85.1 47 71.1 33 57.1 100 56.1 31 55.1 34 Nonane 
5 108.1 100 79.1 19 78.1 57 77.1 20 65.1 54 methoxybenzene 
6 106.1 100 105.1 98 77.1 89 51.1 31 50.1 19 Benzalderhyde 
7 95.1 8 94.1 100 66.1 30 65.1 22 55.1 7 Phenol 
8 120.1 49 105.1 100 95.1 31 79.1 19 67.1 23 trimethybenzene 
9 122.1 100 121.1 46 107.1 30 91.1 34 77.1 41 Methoxybenzene 
10 108.1 100 107.1 89 105.1 12 91.1 12 90.1 23 3 methyl phenol 
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11 120.1 39 106.1 9 105.1 100 77.1 69 51.1 19 acetophenone 
12 108.1 84 107.1 100 79.1 21 77.1 25 51.1 9 4-methyl Phenol 
13 134.1 100 119.1 58 91.1 48 65.1 20 135.1 11 Benzene, 1-ethenyl-4-methoxy- 
14 122.1 33 108.1 8 107.1 100 91.1 6 77.1 16 4-ethylphenol 
15 129.1 14 128.1 100 127.1 14 121.1 8 102.1 7 Naphthalene 
16 85.1 50 71.1 71 57.1 100 56.1 16 55.1 24 Tetradecane 
 
SI Table 1: The peak assignments (peak#) obtained from the NIST05 library with the corresponding abundances (abund) and 
mass/charge ratios of the 5 most abundant ions of foraminifer ooze (OJP_8); Ontong Java Plateau tuff (OJP_22; OJP_13, OJP_43); 
Charred wood fragments (OJP_45); Mid-Atlantic ridge pillow lava basalt (MAB); Costa Rica Flank pillow lava basalt (CRB) and 
Whin Sill basalt (WSB). 
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